Background: Centenarian offspring have better health and lower mortality in comparison to referent cohorts, however it is unknown whether they have preserved cognition at older ages. Methods: This prospective study of 491 centenarian offspring and 270 referent participants without familial longevity (mean baseline age 75.5 years) from the New England Centenarian Study analyzed longitudinal cognitive assessments performed using the Telephone Interview for Cognitive Status. Logistic regression was used for cognitive impairment at baseline and Cox proportional hazards regression for risk of incident cognitive impairment. Results: After adjustment for age, sex, education, stroke, and diabetes, offspring were 46% less likely to have baseline cognitive impairment (adjusted odds ratio 0.54, 95% CI 0.35-0.82) and were 27% less likely to become cognitively impaired over a median follow-up of 7.8 years (adjusted hazard ratio 0.73, 95% CI 0.53-0.99). Female gender was also independently associated with lower odds of baseline cognitive impairment and lower risk of incident cognitive impairment. Conclusions: Familial longevity may confer exposure to genetic and environmental factors that predispose centenarian offspring to preservation of cognitive function at older ages. Centenarian offspring cohorts may provide an opportunity to study cognitive resilience associated with familial longevity.
As the U.S. population ages and older age is one of the strongest risk factors for dementia, it is more important than ever to learn how some individuals maintain healthy cognitive aging trajectories. Centenarians are a valuable model for studies of healthy aging. On average, centenarians have delayed disability until their nineties (1) . Furthermore, for those truly approaching the limit of human life span, approximately ages 105+ years, they live a smaller percentage of their lives with age-related diseases, including dementia (2), thus supporting James Fries' Compression of Morbidity hypothesis (3) . In contrast, the general population has experienced gains in life expectancy but also gains in years of life spent with disease (4), mobility difficulty (5) , and disability (6, 7) .
Whereas studies of centenarians focus on health and function at the relative end of their lives, longitudinal studies of centenarian offspring allow for prospective investigation of the health and function trajectories of individuals with an increased probability of longevity. Some of the health trends observed among centenarians have also been observed among centenarian offspring including a lower risk of mortality (8, 9) , a reduced prevalence (10, 11) , incidence (9) , and delayed onset (12) of cardiovascular disease and cardiovascular risk factors, and favorable lipid profiles (13) in comparison to individuals without parental longevity. However, studies of cognitive function among centenarian offspring are sparse. Therefore, we sought to examine whether centenarian offspring have a reduced prevalence and delayed onset of cognitive impairment compared with a referent group not selected for familial longevity using longitudinal assessments of cognitive status.
Method

Participants
The New England Centenarian Study (NECS) began in 1994 to investigate phenotypic and genetic determinants of exceptional longevity among centenarians and their family members (14) . NECS participants in this study included the offspring of centenarians and the offspring of the proband's nonagenarian and centenarian siblings. The referent group consisted of spouses of the offspring and the offspring of individuals from the 1900 birth cohort who died at average life expectancy, age 73-74 years, as described by Terry and colleagues (10) . Recruitment of offspring and referents began in 1997 and although the study continues to be open to enrollment the majority of recruitment occurred through 2007. Participants completed sociodemographic, medical history, and functional status questionnaires and provided a blood sample upon enrollment into the study. Participants completed annual questionnaires by mail (and telephone for nonresponders) to update self-reported medical history, medications, and social habits (eg, alcohol use and smoking). Changes in physical function (ie, independence in performing instrumental activities of daily living) and cognitive function (detailed below) were assessed every 2 years. Study protocols were approved by the Boston University Medical Campus and Boston Medical Center Institutional Review Board and all participants provided informed consent. To determine cognitive impairment, we analyzed the TICS items within the cognitive domains of episodic memory, working memory, and executive function to increase sensitivity to changes in cognition due to aging and neurodegenerative disease. This included the tasks of counting backwards, subtracting sevens, and immediate and delayed word list recall with a range of scores from 0 to 27. We used cognitive impairment cut-scores developed in conjunction with detailed in-person neuropsychological examination data and expert consensus diagnoses from a sub-study of the Health and Retirement Study (HRS), the Aging, Demographics, and Memory Study (17, 18) . We considered scores of 12-27 to be normal and 0-11 to be cognitively impaired.
Cognitive Assessment
Statistical Analysis
The objectives of our analyses were (1) to determine whether centenarian offspring were more likely than referents to be cognitively impaired at initial assessment and (2) to determine whether centenarian offspring were more likely to become cognitively impaired during the follow-up period.
We used independent t-tests and Wilcoxon rank-sum tests for continuous variables and chi-square tests for categorical variables to assess differences in participant characteristics at first TICS administration between offspring and the referent group.
We classified participants as cognitively impaired at baseline if (i) they scored below the cut-point of 12 on both of the first two TICS administrations or (ii) participants missed one score from the first two TICS administrations and the available score was below the cut-point of 12. We used logistic regression to determine if cognitive impairment at baseline differed between offspring and the referent group. We considered as covariates: age at first TICS administration, sex, years of education, history of smoking, aspirin use, and selfreported history of age-related illnesses including stroke, diabetes, hypertension, heart attack, depression, and coronary artery disease. We used backward elimination to create the final multivariable model, starting from a model with pairwise interactions.
To determine if the risk of incident cognitive impairment differed between offspring and the referent group, we used Cox proportional hazards regression, after exclusion of participants impaired at baseline. We defined the participants' time to cognitive impairment as the number of years from their first TICS administration to their first TICS score <12 that was not succeeded by a TICS score ≥12. Participants who never met the definition of impairment were censored at the time of their last TICS score. We considered the same covariates as the baseline analysis, testing the proportional hazards assumption by examining the Schoenfeld residuals. We used backward elimination to create the final multivariable model, starting from a model with pairwise interactions. Analyses were performed in R 3.4.3, RStudio 1.1.383, and in SAS 9.4 (SAS Institute, Cary, NC). Table 1 displays the demographic characteristics of 491 offspring and 270 referent participants who had at least one cognitive function assessment. The two groups were similar with respect to age (mean ages 75.6 and 75.1 years for offspring and referents, respectively), race, and education, but offspring were more likely to be female, were less likely to have smoked, and had a lower prevalence of medical comorbidities.
Results
Baseline Prevalence of Cognitive Impairment
The data include 1979 and 955 completed cognitive assessments of offspring and referents, respectively. One offspring and one referent were never able to complete a TICS assessment due to informant report of cognitive impairment. Baseline cognitive status was based on a single TICS score for 35 (7.1%) offspring and 40 (14.8%) referents who were missing one of the two initial TICS scores due to death, loss to follow-up, withdrawal, refusal, hearing loss, or dementia (see Supplementary Table 1 ). During follow-up there were a total of seven missing scores (1 offspring, 6 referents) due to refusal, that were followed by a completed TICS assessment.
At baseline, 73 (14.9%) of the offspring and 63 (23.3%) referents were cognitively impaired. Offspring had a 43% lower odds of baseline cognitive impairment compared to the referents (odds ratio 0.57, 95% CI 0.39-0.84, p = .004). This association was similar (adjusted odds ratio [aOR] 0.54, 95% CI 0.35-0.82, p = .004) after adjusting for age, sex, education, history of stroke, and history of diabetes. Age, sex, and education were independently associated with impairment. Each year of age resulted in a 15% increased odds of cognitive impairment (aOR 1.15, 95% CI 1.11-1.19, p < .001). Females had a 51% reduced odds of cognitive impairment compared with males (aOR 0.49, 95% CI 0.32-0.75, p = .001). Each additional year of education related to a 16% reduction in the odds of baseline cognitive impairment (aOR 0.84, 95% CI 0.78-0.91, p < .001). Smoking, aspirin use, hypertension, heart attack, depression, and coronary artery disease were not independently associated with impairment. There were no significant interactions among the covariates in the final model.
Incidence of Cognitive Impairment
A total of 73 offspring and 63 referents with baseline cognitive impairment were excluded from the analysis of incident cognitive impairment. Table 2 indicates the demographic characteristics of the remaining 418 offspring and 207 referents who were included in the longitudinal analysis. Average TICS scores and average ages for the two groups across the median follow-up period of 8.3 years for offspring and 7.0 years for referents are shown in Table 3 and Supplementary Figure 1 . Of the participants included in the longitudinal analysis, 114 (27.3%) of the offspring and 72 (34.8%) of the referents experienced incident cognitive impairment. Over the follow-up period 23 (5.5%) offspring and 23 (11.1%) referents died (p = 0.012); loss of contact (13% of offspring and 14% of referents) and withdrawal from the study (1% of offspring and 2% of referents) were similar between the two groups (Supplementary Table 2) . One offspring and two referents were unable to complete their last TICS due to informant report of cognitive impairment preventing cognitive assessment, however, all had already been classified as impaired based on having a previous TICS score <12.
Offspring were 35% less likely to become cognitively impaired than referents (hazard ratio [HR] 0.65, 95% CI 0.48-0.87, p = .004) (Figure 1 ). After adjusting for age, sex, history of stroke, and history of diabetes, offspring were 27% less likely to become cognitively impaired than referents (adjusted hazard ratio [aHR] 0.73, 95% CI 0.53-0.99, p = .046). Each year of age resulted in a 15% increased likelihood of incident cognitive impairment (aHR 1.15, 95% CI 1.12-1.18, p < .001). Females were 42% less likely to become cognitively impaired than males (aHR 0.58, 95% CI 0.43-0.79, p < .001). History of stroke and history of diabetes were significantly associated with incident cognitive impairment (aHR for stroke 2.69, 95% CI 1.29-5.61, p = .008; aHR for diabetes 1.99, 95% CI 1.23-3.22, p = .005). Smoking, years of education, aspirin use, hypertension, heart attack, depression, and coronary artery disease were not independently associated with incident impairment.
Discussion
This study examined the prevalence and incidence of cognitive impairment among centenarian offspring relative to a referent cohort without familial longevity. We found that centenarian offspring were less likely to have cognitive impairment at baseline and at any point over the follow-up period. An Italian centenarian offspring crosssectional study also found higher scores on a brief test of global cognitive function in comparison with an age-matched referent group (19) . To our knowledge, however, this present study provides the first report of longitudinal cognitive data for centenarian offspring.
Other studies have examined cognitive function in offspring of significantly younger long-lived parents. Offspring of nonagenarians have been shown to perform better on tests of memory, selective attention, and response inhibition than their spouses even after controlling for age-related diseases (20) . A lower incidence of Alzheimer's disease (21) and slower decline in global cognitive status (22) , memory, attention, and executive function over follow-up have Scores range from 0 to 27 with higher scores reflecting better cognition. Scores range from 0 to 27 with higher scores reflecting better cognition.
been observed in offspring of a parent who lived to at least 85 years of age (23).
Brain structure also appears to be better preserved among offspring of long-lived individuals (24, 25) . It remains to be investigated whether this is true of centenarian offspring, a more select and possibly more homogeneous phenotype than nonagenarian offspring. In fact, the Leiden Longevity Study found that nonagenarian offspring and spouses differed in subcortical brain structure only after the sample was restricted to the offspring of the oldest parents (26) . The notion that increasing rarity according to age of the sample reveals different phenotypes is consistent with our previous research which showed that supercentenarians (age 110 years or more) are more homogeneous than younger centenarians (2) . Furthermore, older centenarians appear to have a greater genetic contribution to their survival (27) (28) (29) . As such, offspring of younger long-lived individuals (eg, nonagenarians) are likely to exhibit different phenotypes from the offspring of more rare and phenotypically homogeneous centenarians.
Data on cognitive trajectories among centenarians are rare because studies tend to be cross-sectional due to high mortality. The NECS is one of the few longitudinal centenarian studies and our previous results have shown that centenarians have a delayed cognitive decline trajectory in comparison with nonagenarians (2) . The Health and Retirement Study (HRS), a prospective study of the health and function status of older Americans, found that among those who survived to the age of 100 years, 55% were cognitively intact at age 100 (30) . However, the HRS centenarian sample size was small (n = 96) and not all centenarians were able to complete the cognitive assessments. The study of cognitive function and cognitive trajectories of centenarian offspring allows us to follow individuals predisposed to exceptional longevity over a longer period of time and without significant confounding of sensorimotor impairments that are common among centenarians. Such a study also allows for the investigation of factors associated with resilience to cognitive change among those who escape cognitive decline.
There is some emerging evidence that the cognitive health of older adults is improving as dementia prevalence (31,32) and incidence (33) have decreased over recent decades (31, 33) . These decreases appear to be due, in part, to improvements in cardiovascular risk factors and socioeconomic status. Our findings of a reduced prevalence and incidence of cognitive impairment among offspring of exceptionally long-lived individuals provide the rationale to investigate the impact of familial factors associated with the ability to maintain good cognitive function beyond that of advances in healthcare, such as genetic factors. In line with the emerging field of Geroscience, which aims to understand aging mechanisms in order to delay or prevent a wide array of age-related diseases (34), our findings suggest that efforts to mimic centenarian offspring health profiles by slowing aging would result in decreased rates of dementia.
As expected, age at first TICS administration had a significant positive association with both baseline and incident cognitive impairment analyses as increased age is a well-known risk factor for cognitive impairment. Sex differences in prevalent and incident cognitive impairment were also significant; females were less likely to be impaired at baseline and to become cognitively impaired over follow-up in comparison with males. These results are consistent with other studies that have found a lower prevalence of cognitive impairment among females in the HRS and the Mayo Clinic Study of Aging (35, 36) as well as a higher incidence of cognitive impairment for men in the Sydney Memory and Ageing Study (37) . These results are, however, contradictory to studies of centenarians, which have found that very old women have a higher prevalence and incidence of dementia than men (2, 38, 39) . Among centenarians this is likely a select survivor cohort phenomenon in which men surviving into their 90s and older, are at lower risk of developing dementia compared to women. However, at younger ages, such as those of the centenarian offspring (mean age 75 years), men develop cognitive impairment sooner than women (36, 40) perhaps related to earlier onset of cerebrovascular disease. Additionally, there is evidence that biological and functional associations, specifically related to cognition, may show different age and sex-specific relationships in individuals with Only 1 referent had 6 TICS administrations exceptional longevity (41) . Thus among those who are predisposed to live a long life (ie, centenarian offspring), there may be inherited factors, specific to females, that protect against cognitive impairment in their 8 th decade. Of course there may also be factors related to the high educational attainment of the cohort or the measures used to determine cognitive impairment that contribute to this gender bias.
Not surprisingly, education reduced the likelihood of cognitive impairment at baseline. Many studies have shown an association between higher educational attainment and reduced dementia risk (42, 43) . Those with lower education have a higher risk to become cognitively impaired at younger ages, and live more years with cognitive impairment (44) . However, as education was not the only significant factor in our model, it only explains some of the difference in the prevalence of baseline cognitive impairment between centenarian offspring and the referent group. In contrast to baseline prevalence, education was not significant in the survival analysis for time to cognitive impairment. Since fewer years of education is associated with earlier cognitive impairment, in removing subjects from the analysis who presented with baseline impairment, we were also more likely to remove subjects with fewer years of education resulting in a cohort that is less likely to have incident cognitive impairment related to low educational attainment.
Self-reported history of stroke or diabetes at baseline was associated with a two times greater likelihood of cognitive impairment over follow-up. Cardiovascular events and cardiovascular risk factors have long been associated with poorer cognition. In contrast, although offspring were more likely than referents to have never smoked, smoking status was not associated with baseline or incident cognitive impairment. This is likely because the negative effects of smoking on cardiovascular health were captured by the covariates of history of age-related illnesses rather than a lack of association between smoking and poorer cognition.
There are limitations to this study that need to be considered. This study analyzed the risk of entering a disease state of cognitive impairment (a bivariate analysis) rather than the rate or trajectory of cognitive change. Following the example of the Health and Retirement Study (HRS), the analysis uses a cutoff value of the TICS to define "cognitive impairment" that they based upon concordance with detailed neuropsychological examination data and expert consensus diagnoses and which is regularly used to determine dementia status (17, 18, 45) . Our analysis does not address the question as to whether offspring of centenarians experience a rate of cognitive decline that differs from the general population. Indeed, future studies could find that there is no difference in the rate of cognitive change between centenarian offspring and referents in which case our results of a decreased risk of cognitive impairment may reflect a pronounced terminal decline rather than a slower decline in function. Another potential limitation is the survivor effect of the referent group. As these individuals were alive and able to take part in the study at a mean baseline age of 75 years, they may be a healthier cohort than the general population, however, this would bias toward a lack of significant findings. Additionally, these findings may not be generalizable to all centenarian offspring as both the offspring and the referent cohort are highly educated with an average 16 years of education and the sample is 97% non-Hispanic, white. Administration of the cognitive assessment tool by telephone is also a limitation. Older adults frequently have hearing deficits that interfere with telephone conversations. Difficulty hearing word lists as opposed to forgetting may result in lower word recall as was noted in another study (46) . Lastly, brief cognitive status assessments are not comprehensive examinations of neuropsychological function, and there is a lack of consensus on the optimal cut-point for detecting cognitive impairment. The items comprising the TICS score used in this analysis are crude assessments of executive function, working memory, and immediate and delayed episodic memory. Comprehensive examinations of all domains of cognitive function may reveal other patterns of cognitive decline. Alternatively, detailed neuropsychological assessments may be able to detect subtler changes in cognition and better delineate the cognitive benefits of familial longevity.
In summary, this study found that centenarian offspring have a lower prevalence and incidence of cognitive impairment compared with a referent cohort without familial longevity. This suggests that having a long-lived parent may confer not only a survival advantage but also genetic factors that predispose individuals to preservation of cognitive function at older ages. Furthermore, as genetic effects account for only part of the variation in age of survival there may also be environmental contributions to the ability of centenarian offspring to maintain good cognitive function throughout life including gene-environment interactions, psychosocial factors, and life experiences that may elucidate pathways to successful cognitive aging for the general population.
Supplementary Material
Supplementary data is available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online.
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